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Abstract 
This project aims to design and create an affordable yet efficient small-scale wind turbine to 
provide people in diverse environments with the opportunity to harness wind energy. We investigated 
different wind turbine designs and ultimately decided on a design with a three-bladed horizontal axis 
wind turbine placed inside of a converging-diverging nozzle, in order to maximize wind speeds, and 
furthermore, maximize power output. We also made our design accessible to others by 3D printing our 
wind turbine, since 3D printing is a fast growing and accessible technology. As a result, we used and 
investigated ABS plastic because it is one of the most common materials used in 3D printers. 
Additionally, we used PVC piping for the tower supporting our nozzle and we constructed a platform 
out of wood. Lastly, we used fiberglass coated with a two-part epoxy to construct the converging-
diverging nozzle. Our initial wind turbine design was tested without the converging-diverging nozzle. 
We conducted indoors tests with high-speeds fans producing wind speeds ranging between 3.5 m/s to 
13.5 m/s, however, the turbine did not rotate. Due to major modifications that needed to be made to 
our original design in order to create a working turbine, we were forced to re-design and reprint our 
wind turbine. This re-designed wind turbine was able to rotate without the converging-diverging 
nozzle at wind speeds of 4.8 m/s. When tested inside of the nozzle, it was determined that a minimum 
wind speed of 4.7 m/s was needed by the turbine to self-start within the converging-diverging nozzle. 
From the tests conducted on our re-designed turbine, we found that our wind turbine was able to 
produce 1 Watt of power.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iii 
 
Acknowledgements 
 
This project would not have been possible if it weren’t for the help of our advisor Professor 
Rahbar who helped guide us in the correct direction with our goals for this project. Professor Rahbar 
was always quick to provide solutions to problems that arose especially those that involved material 
selection. Through his experience and knowledge of materials, Professor Rahbar has helped our team 
determine alternative materials for our wind turbine when one material proved to be unsuitable. 
Professor Rahbar also worked hard to make sure our team remained on track by always asking for 
ways he could help.  
We would also like to thank Professor Mathisen for helping us with our fluid analysis 
calculations and for helping us understand the complex fluid phenomena occurring within our 
converging-diverging nozzle as well as around our wind turbine. We would like to thank William 
(Bill) Grudzinski for his help in reviewing past year’s wind reports and for suggesting various ideal 
locations to measure wind speeds. 
We would like to thank Russell Lang for his dedication to helping with the assembly of our 
project. For the toughest of our manufacturing dilemmas, he was always able to provide advice on 
how to best construct our project’s components. He has helped us by allowing us to use the tools in his 
shop to build the mount and tower for our turbine as well as the foundation. He has also helped us by 
suggesting methods for constructing our converging-diverging nozzle and then ultimately putting us in 
contact with Matt Wilkinson from Polycell to construct the foam mold for the nozzle. With that, we 
would like to thank Mr. Wilkinson and all those at Polycell who helped in the creation of our C-D 
nozzle.  
We would like to thank Professor John Orr and the WPI Task Force on Sustainability for 
agreeing to fund us past the total funding the Mechanical Engineering Department provides ME 
students. This help has allowed us to fully test our theories and understand the budgeting challenges 
many engineers face. Additionally, we would like to thank WPI’s Mechanical Engineering 
Department for the financial help that funded the majority of our project. More specifically, we would 
like to thank Barbara Furham for walking our team through the setup of our budget through 
purchasing the materials for our project.  
We would like to thank Erica Stults for 3D printing the components to our turbine. We would 
also like to thank Professor Scarpino and Peter Hefti. Each has helped us with the understanding and 
testing of our first generator. Last but not least, we would like to thank William (Bill) Appleyard in the 
Electrical and Computer Engineering department for providing us with a smaller and much more 
effective generator motor. He also provided us with numerous manufacturing and electrical solutions 
to problems that arose. In conclusion, our team is thankful for all the help we have received from those 
mentioned above.  
 
 
  
iv 
 
Capstone Design Project/ Fulfillment of Mechanical Engineering Major 
 
This Major Qualifying Project (MQP) addressed constraints on a design system set by the 
Accreditation Board for Engineering and Technology (ABET) in order to meet the requirement of 
capstone design experience. As defined by ABET “a student must be prepared for engineering practice 
through the curriculum culminating in a major design experience based on the knowledge and skills 
acquired in earlier course work and incorporating engineering standards and realistic constraints” [1]. 
These realistic constraints included: economic, environmental, social, political, ethical, health and 
safety, manufacturability, and sustainability. The above stated considerations were applied when 
designing a converging-diverging (C-D) nozzle, hub, rotor piece, and blade for our small scale wind 
turbine. 
 
Economic 
 For this project, our team wanted to stick to local materials to allow for easier access to people 
when recreating our design. By considering local materials, the customer is more easily convinced on 
making the initial investment of constructing this wind turbine. Also, if materials were to be bought in 
bulk for mass production, the materials we used would be cheaper and thus better worth the initial 
investment. The creation of more renewable energy technologies would also help increase jobs across 
the country thus helping our economy. 
 Furthermore, the purpose of our project was to construct a wind turbine that was small in order 
to encourage more people to make the initial investment needed to incorporate wind energy on their 
homes. Currently, wind turbines require a large initial investment which many hesitate to undertake.  
 
Environmental/Sustainability 
 By creating a more affordable DIY wind turbine design, we hope that more people will be 
encouraged to move away from fossil fuels as an energy source and turn to renewable resources as 
they do not have as much of a negative impact on the environment. We hope that our design will be 
implemented in urban locations where anyone with access to a 3-D printer and local resources can take 
advantage of the wind outside their home or apartment balcony. Our team also made sure to consider 
reduction of noise so that people and animals would not be bothered by the rotation of the blades. This 
was accomplished in part by the small length of our turbine blades. The longer the blades, the larger 
the noise. 
 
Social & Political 
 This project has considered how people will benefit from the use of wind energy. A society 
where every home is equipped with their own energy producing turbine has both environmental and 
economic benefits. At this time, some people still have reservations regarding using wind turbines in 
their backyards or offshore. Without the support of their political leaders to push it forward and invest 
in renewable energy, even the people who are interested in turning to green energy but don’t have the 
initial funds are limited in options. With restraints like these, our team hopes to create a wind turbine 
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that is small enough that even if a big wind turbine can’t be installed in a community, a smaller and 
much more affordable one can easily be installed in a home owners’ backyard. 
 
Health & Safety 
 In order to ensure that our wind turbine design was as safe as our team could possibly make it, 
a few safety decisions were made. One safety measure we incorporated into our design was the puzzle-
piece design which holds together the rotor piece and the blades. Besides being a unique way of 
eliminating the need for bolts and glue, the puzzle-piece design ensures that our blades will not come 
apart and cause injury during operation but can still be pulled apart for maintenance. Additionally, 
when 3D printing our wind turbine components, our team left no tolerance between the pieces. This 
meant that we had to sand down the pieces until they fit snugly against each other and thus will not 
come apart during operation. Our C-D nozzle also functions as a safety mechanism because in addition 
to increasing wind flow to the blades, it also prevents the blades from posing as a safety issue. The C-
D nozzle in a way protects humans as well as wildlife such as birds from the spinning blades.  
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Executive Summary 
In recent efforts to reduce reliance on fossil fuels, countries all around the world have sought to 
find renewable resources by means such as wind, solar, and geothermal energy. Wind turbines are 
used to harness the wind’s energy by converting kinetic energy from the wind into mechanical power 
and furthermore, to electrical power which can be used for a number of practical uses. In a wind 
turbine, the turbine’s blades are attached to a rotor which connects the turbine’s blades to a generator’s 
shaft. The rotation of the blades is translated to a generator which produces electricity as a result. 
There are two basic types of wind turbine designs, which are most commonly developed and used: 
Horizontal Axis Wind Turbines (HAWT) and Vertical Axis Wind Turbines (VAWT). These two differ 
in terms of their axis of rotation. HAWTs rotate about a horizontal axis while VAWTs rotate about a 
vertical axis. HAWTs are the more common of the two, however for our project, we also investigated 
an unconventional design known as Diffuser Augmented Wind Turbines (DAWT). DAWTs utilize a 
diffuser to increase power output by increasing wind speeds within the diffuser.  
Our goal with this Major Qualifying Project was to design and create an affordable yet efficient 
small-scale wind turbine to provide people in diverse environments with the opportunity to harness 
wind energy. By creating a small-scale wind turbine, more people will be willing to invest in a wind 
turbine for their personal use and contribute to the reduction of reliance on fossil fuels. Furthermore, 
we will address one of the main concerns expressed when considering investment in wind energy. 
Low wind speeds render many wind turbines inefficient and unworthy of the investment, and 
moreover, puts a limitation on contributions to the advancement of renewable energy. For this reason, 
our project consists of designing and manufacturing a three-bladed horizontal axis wind turbine placed 
inside of a converging-diverging nozzle, similar to the design of a DAWT, in order to maximize wind 
speeds, therefore and maximize power output. Furthermore, the implementation of a converging-
diverging nozzle would also grant people who live in areas in which wind turbines do not have the 
most optimal conditions, the opportunity to invest in wind energy. We also sought to make our turbine 
design accessible to others by 3D printing our wind turbine, since 3D printing is a fast growing and 
accessible technology. This way, anyone with our CAD files and with access to a 3D printer, would 
have the ability to print the components necessary to assemble their own wind turbine. Additionally, 
they could take our CAD files and modify them to their liking, if for example, they would like to test 
the performance of a different angle of pitch in our blades.  
Our team used SolidWorks to transfer our design ideas into a CAD program to produce our 
turbine components. One component that we had to design was the hub, whose purpose is to direct the 
airflow around a smooth semicircle towards the blades rather than to hit the flat surface of the rotor 
and cause turbulent flow before the wind hits the blades.  
 The hub is attached to the rotor. The rotor’s purpose is to translate the rotations of the blades to 
the attached generator. The rotor was designed in SolidWorks with a particular cut pattern. This 
pattern was also reflected onto the blades so that the blades fit securely onto the rotor in a puzzle piece 
assembly fashion.  
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 We chose to design a converging-diverging (C-D) nozzle, seen in Figure 1, in which the 
turbine would be placed inside of, in order to increase the efficiency of a small-scale wind turbine. 
This proved to be one of the most challenging tasks of our project. After a number of flow simulations 
to optimize the maximum wind velocity increase within the nozzle, we were left with a nozzle design 
in which the turbine is located at the throat of the nozzle, which is slightly off-centered. Based on our 
flow simulations, this off-centered position is where the wind is at its highest velocity within the 
nozzle. 
 
Figure 1: Converging-Diverging Nozzle SolidWorks Part 
Furthermore, as 3D printing proved to be a costly endeavor for the C-D nozzle, we sought 
alternate ways of manufacturing this piece. Ultimately, we decided on creating it by having a foam 
mold manufactured by the company Polycell. The foam mold was then coated with three layers of 
fiberglass cloth and a two-part epoxy. After letting the epoxy cure, we obtained the desired shape of 
our nozzle by carving the foam out and we were then left with the layered fiberglass cloth as our C-D 
nozzle which can be seen in Figure 2. 
 
 
Figure 2:  Assembled Converging-Diverging Nozzle 
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 Another critical component of a wind turbine is its generator or alternator. A generator is a 
device that converts mechanical energy into electrical energy and generates direct current. An 
alternator has the same functionality however it generates alternating current. Most wind turbines 
today use permanent-magnet alternators, although in small-scale wind turbines, electric motors can 
also be commonly used as generators. Due to our size restrictions, choosing a specific model also 
proved to be very tasking. We chose to use the Ametek 40VDC Permanent Magnet Motor which 
produces 40 volts at 1050 RPM. Although the RPM is somewhat high, it was one of the few 
generators that we could obtain that fit behind the hub and rotor of our turbine and would cause no 
obstruction of wind flow. 
For our blade design, we investigated the National Renewable Energy Laboratory’s (NREL) S-
series airfoil catalog. We decided on a S835 airfoil to create a blade due to its good performance on 
small horizontal axis wind turbines. For the tower, we used plywood to create the base where a flange 
base fitting was bolted. This flange fitting supports the tower made of PVC piping which supports our 
turbine components and C-D nozzle through an attached metal rim, providing the structural stability 
needed for our turbine components. This plywood assembly also had wheels installed to allow for easy 
relocation. 
The wind vanes were implemented to direct the nozzle to face the wind at all times, thus 
increasing our blade’s speed and turbine’s efficiency. These were manufactured by using a laser cutter 
to pattern through an acrylic sheet and attaching them to a PVC pipe for mounting to the converging-
diverging nozzle.  
After 3D printing and assembling our wind turbine components (seen in Figures 3 and 4), we 
attached the turbine’s rotor to an Ametek 40VDC motor to test. We brought it out to the walkway 
between Higgins Labs and the Alumni Gym and tested in wind speeds of approximately 3.5m/s. To 
our dismay, we found that the wind turbine did not rotate. We also tested our wind turbine by using 
two high speed fans which produced wind speeds of 13.5m/s, however even at these wind speeds, the 
turbine did not rotate. After reviewing our design with a professor in the Aerospace Engineering 
Department, we concluded that we had to decrease the weight of our turbine, increase the angle of 
pitch on the blades and use a smaller motor.  
 
                        
                 Figure 3: Front View of Wind Turbine                         Figure 4: Back View of Wind Turbine 
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Our team used these suggestions to modify our current design. For the hub, we modified the 
part to hollow the interior. We also obtained a new Johnson motor from the Electrical and Computer 
Engineering Department that we used as our generator. This motor was far smaller than the Ametek 
motor and was more ideal for our project because it took less force to rotate the motor’s shaft. 
However, this particular Johnson motor had a small gear attached to its shaft which proved to be 
problematic. Removing the gear would expose the motors incredibly small shaft which would make it 
difficult to attach to the turbine’s rotor. For this reason, we designed an extension to the motor’s gear 
for easier attachment to the rotor. The rotor was redesigned similarly to the hub by hollowing the 
interior of it. Additionally, it was also necessary to redesign the center circular cut in which the 
generator’s shaft attaches, as a result of the new motor’s gear extension. As for the blade redesign, we 
worked to hollow out the inside of the blades. We achieved this by creating three cell like sketches on 
our blade design which were then extruded throughout the length of the blade as shown in Figure 5. 
This design is similar to the interior of an aircraft wing in which the blade is hollow except for the 
spars that carry the load of the wing’s skin. We finalized our modified blade’s design by giving it a 
higher angle of pitch as well as increasing its surface area. For all of these parts, we requested that they 
be 3D printed in low density settings to reduce the combined weight of the turbine parts. As a result, 
we reduced the weight of our modified turbine by 20%. 
 
Figure 5: Modified Blade with Hollowed-out Sections 
Once we assembled all of the components of our re-designed wind turbine, we proceeded with 
testing. From our results, we found that the turbine would not rotate without the converging-diverging 
nozzle. However, when placed inside of the C-D nozzle, it would allow for the wind turbine to rotate 
by requiring a lower minimum starting wind speed. Using the power equation of 𝑃 =
𝑉2
𝑅
, we found that 
our turbine generated 1 Watt of power. Since we were using a scrap generator as a result of time 
constraints, our team knew the turbine would not yield high power output. However, we would highly 
encourage anyone who wished to further improve upon our project, to research a more efficient 
generator that meets their power output requirements for improved efficiency. 
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1. Introduction 
1.1 Renewable Energy 
After decades of relying on fossil fuels, countries all around the world have started to push 
forward green initiatives to find renewable resources that reduce our carbon footprint. Wind, 
geothermal, solar and hydro energy have shown to be the most promising in helping achieve this goal. 
Engineers and scientists around the world have created innovations to help us eliminate and reduce our 
dependency on fossil fuels. However, although these innovations are becoming more common, some 
of these technologies can still be expensive due to material cost and regulations. It should also be 
stated that each of these methods of extracting energy have their own limitations, such as non-ideal 
locations, space limitations, or a high initial investment. For example, in Florida, solar panels are 
highly effective because the state experiences a large amount of sun exposure. In a state like Alaska, 
however, they do not experience very much sunlight, and it may not be worth the installation. Another 
example is hydro energy where you may have the opportunity to create electricity using the power of a 
river or ocean, but if there isn’t a body of water nearby with enough elevation, then harnessing hydro 
energy would not be possible. Furthermore, there may be some areas that would benefit from 
geothermal energy; a form of energy where you use heat from the earth to power a steam turbine 
engine. Again, some areas might not have this easily available since it requires tapping underground to 
great depths which requires a large initial investment. Lastly, wind energy has a few limitations 
including large initial investments and the need for a large quantity of land. In addition, there are 
places where the wind is not strong enough to be worth the investment of building a wind turbine.  
 Our team has chosen to pursue a project in harnessing wind energy in hopes of creating a more 
affordable wind turbine for people all around the world. We will tackle a new type of design to see if 
we can improve the speed of the wind in areas with known low speeds. We hope that our new design 
concept will open the door to the many areas that have not taken the leap to invest in wind turbines 
due to low speed winds in their area. 
1.2 Wind Turbines 
 Wind turbines convert kinetic energy from the wind into mechanical power and furthermore, to 
electrical power which can be harnessed for a number of practical uses. Essentially, wind turbines 
function with principles similar to fans, but instead of using electricity to rotate the fan’s blades and 
create a current of air, wind turbines take in wind and generate electricity. The wind rotates the 
turbine’s blades, which are attached to a shaft. As shown in Figure 3 on the following page, the 
turbine’s shaft is usually connected to a gearbox, where the rotational speed of the blades is turned into 
smaller, faster rotations that are needed by the attached generator to produce electricity.  
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Wind turbines can be built both on land and offshore, and are produced in a number of 
horizontal and vertical axis designs. Groups of large wind turbines are often arranged together forming 
wind farms which are connected to electrical grids [2]. The electricity is then distributed wherever it is 
needed. Wind farms, sometimes called wind power plants, have become increasingly popular and have 
been adapted by a number of countries in efforts to expand the development of renewable energy and 
reduce reliance on fossil fuels. 
 
 
 
 
 
 
 
 
  
Figure 6: Basic components of a wind turbine [3] 
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2. Background 
Prior to determining a design for a small scale wind turbine, our team first began by 
researching the types of wind turbines currently on the market. From our research, we learned that 
there are two general categories of wind turbines; horizontal and vertical axis wind turbines. There are 
specific times when each has more beneficial applicability. Our team also researched the most efficient 
designs in order to incorporate them into one single design. Since we intended to make a small-scale 
wind turbine to encourage the average homeowner to invest in our design, we needed to incorporate 
the most efficient designs to make up for its small size. We have investigated the most efficient 
number of blades, airfoil designs, and wind speeds. Additionally, there are various types of blade 
designs and angles that the blades can be oriented to generate the most power. We also learned that 
there is a limit to how much of the wind’s energy can actually be converted to usable energy 
regardless of how efficient each component is made. We have also researched adding components to 
our wind turbine such as a wind vane to guide our wind turbine to face the wind. Another component 
that would enhance our wind turbine is incorporating a converging-diverging nozzle, which would 
speed up the airflow. Keeping this limit in mind, our team decided to incorporate a converging-
diverging nozzle around the wind turbine in order to increase wind speeds to more ideal conditions. 
Lastly, our team investigated various materials to construct both our wind turbine and the converging 
nozzle.  
2.1. Horizontal Axis Wind Turbines vs. Vertical Axis Wind Turbines 
There are two basic types of wind turbine designs, which are most commonly developed and 
used. The two designs are Horizontal Axis Wind Turbine (HAWT) that rotates about a horizontal axis, 
and Vertical Axis Wind Turbine (VAWT) which rotate about a vertical axis. 
Horizontal axis wind turbines are the more common of the two and have their main rotor shaft 
and generator at the top of their tower [3]. As a result of their elevation, maintenance associated with 
HAWTs tends to be problematic. HAWTs also require a rotational system, usually referred to as a yaw 
system, to orient the wind turbine into the wind and allow maximum efficiency. Most commonly, 
especially in large turbines used in wind farms, horizontal axis wind turbines are designed with three 
blades. Three-bladed HAWTs have generally been associated with the greatest efficiency.  
Vertical axis wind turbines are not as common as the traditional horizontal axis wind turbine 
design, although the design has been gaining popularity in recent years because of its appeal to urban 
environments. One of the reasons for this is because they have been shown to produce less noise and 
vibrations than horizontal axis wind turbines. In a VAWT, its main components including its main 
rotor shaft and generator are generally located on the ground, at the base of the turbine. Hence, the 
components are more easily accessible and as a result, have lower maintenance costs. From their 
design, VAWTs are multi-directional and do not usually need to be oriented towards the wind, 
eliminating the need for the yawing systems that HAWTs require. However, VAWTs are generally not 
self-starting, unlike horizontal axis wind turbines [5]. 
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                 Figure 7: Horizontal Axis Wind Turbine [4]                 Figure 8: Vertical Axis Wind Turbine [6] 
Taking the advantages and disadvantages of both horizontal and vertical axis wind turbines, we 
decided that for our wind turbine, we would use the horizontal axis wind turbine design. Our goal is to 
make an efficient and affordable small-scale wind turbine. Although having the design of a VAWT 
would result in a less complex design in terms of the elimination of a yaw system, as well as its low 
noise and vibration productions, we believe that for a small wind turbine, we would benefit from the 
greater efficiency that a horizontal axis wind turbine produces. The concern about maintenance costs 
as a result of their elevation is not a great concern for our particular wind turbine because we aim to 
design a small-scale wind turbine. Also, as our design would ideally go on a rooftop, the cost of 
maintenance would be less than the maintenance of turbines atop towers that are hundreds of feet 
above the ground.  
2.2 Diffuser Augmented Wind Turbines 
 The main purpose of our Major Qualifying Project was to pair a converging-diverging nozzle 
with a horizontal axis wind turbine since converging-diverging nozzles increases flow as a fluid passes 
through it, as will be discussed in Section 2.7. When we originally came up with this idea, we were 
unaware that the design had already been explored in the form of diffuser augmented wind turbines. A 
Diffuser Augmented Wind Turbine (DAWT), sometimes also referred to as ducted or shrouded wind 
turbine, is an unconventional type of wind turbine which consists of a turbine inside of a diffuser (or 
duct/shroud). This diffuser increases the velocity of the wind within itself as a result of a reduction in 
pressure behind the wind turbine. The increase in velocity of the wind hitting a wind turbine results in 
greater power output from the turbine. Very similarly to the way DAWTs are designed, our team 
wished to further research the concept of converging-diverging nozzles in order to implement it into 
our own wind turbine design and maximize power output from our small-scale wind turbine.  
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2.3 Blade Design 
Wind turbine blades are largely crucial to the efficiency of a wind turbine. There are various 
types of wind turbines each with different blade characteristics. Blade length, type of blade, and 
number of blades are all characteristics that individually contribute to the efficiency of a wind turbine. 
When considering a blade, one would expect efficiency to increase as blade length increases. This 
correlation is correct because torque would increase as blade length increases. However, as stated in 
Section 2.1, axial forces from the wind hit the blades straight on. These forces may cause the blade to 
fracture along its length, therefore it is critical that the blade length be optimized in a way that the 
length brings in the maximum amount of power while avoiding fracture. The type of airfoil used for 
the blade of a wind turbine is also critical to the design because airfoil designs are very specific to their 
usage. For example, the NREL (HAWT 1-3) type airfoil consists of three airfoils that maximize the 
efficiency of a horizontal wind turbine [7]. These airfoils, one of which is shown in Figure 9, help 
prevent energy production loss by reducing roughness effects. These airfoils can cut energy loss 
production as much as half of what previous airfoils. It should also be mentioned that these airfoils are 
specific to a blade size from one to three meters. Lastly the number of blades is also an important 
factor. It was found that three blade will be the most efficient since adding an additional blade will 
only contribute to an increase in efficiency of only about by 0.5% and will add more weight to the 
turbine [8]. 
 
 
Figure 9: One of three airfoils being considered for our design [9] 
2.4 Power 
Perhaps the most important mathematical concept to be analyzed when constructing a wind 
turbine is the power production and efficiency yielded by the device. With many different variables 
involved in the design of a wind turbine, it is important to have a standard way to compare the benefits 
and shortcomings of each design aspect. For example, when considering just the blades for the wind 
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turbine, factors such as the blade design, material composition, and pitch angle play a large role in the 
amount of usable power gained as well as the efficiency of the turbine. Power in these cases can be 
computed as 
 𝑃 = 𝜏𝜔    
where 𝜏is the torque and 𝜔is the angular velocity of the blades. Therefore, when analyzing the blades, 
we need to increase either the angular velocity, or the torque, or both in order to optimize the amount 
of power produced.  
 Torque is a function of the perpendicular force applied to a rotating axis and distance away 
from that axis as shown in the equation below 
𝜏 = 𝐹𝑠𝑖𝑛𝛳 ∗ 𝑑 
where Fsin𝜃 is the force applied perpendicular to the distance (d) away from the axis. From this 
equation, it is expected that by increasing the length of the blade, the torque and therefore the power 
would increase. Ideally, this is true. However, longer blades tend to bend due to the axial wind force 
hitting the blades as shown in Figure 10.  
 
Figure 10: Force of the wind hitting the blades in the axial direction [10] 
Another convenient way of computing power is from wind speeds and the swept area of the 
turbine’s blades. In these terms, the maximum theoretical power output of a turbine can be defined as  
𝑃 =
1
2
𝜌𝐴𝑉3𝐶𝑝 
where𝜌is the density of the air,  A is the swept area of the blades, V is the velocity of the wind, and 
𝐶𝑝is the power coefficient. The power coefficient is equal to 
16
27
 or 0.59 and is based on Betz Limit 
which gives the maximal achievable extraction of wind power by a wind turbine, as discussed in 
Section 2.5. It is obvious that wind speeds are the most important factor in power output and efficiency 
of a wind turbine, as can be deduced from the above equation. However, it is also important to note 
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that the swept area of the blades are also a factor and it can be further deduced that the efficiency of a 
wind turbine decreases as its size decreases.  
2.5 Angle of Pitch 
 The angle of pitch is the angle at which the blades on a wind turbine are deflected. It is as 
common to find examples of wind turbines that have blades that are perpendicular to the axis as it is to 
find ones with blades deflected at some angle away from the axis. Students at Rochester Polytechnic 
Institute conducted an experiment where they analyzed different angle of pitches at different air 
speeds. In each case, an angle of pitch of approximately 7.5° yielded the most power [11]. Our team 
will use this data on the ideal angle of pitch as a basis for our experiments as we begin to test our blade 
design in order to determine if a 7.5° angle of pitch is in fact most optimized. 
2.6 Betz Limit 
Betz Limit, or Betz Law, is a percentage calculated by physicist Albert Betz in 1919. This law 
states that no more than approximately 59.3% of the wind’s energy can be converted to usable energy. 
This limit is not based on wind turbine design efficiencies but rather on the amount of wind that 
manages to get past the wind turbine’s blades. Although the maximum energy that can be extracted 
from the air is 59%, most wind turbines extract much less than that due to inefficiencies within the 
components and designs [12]. 
2.7 Converging-Diverging Nozzle Design  
 A converging-diverging (C-D) nozzle, shown in Figure 11, is composed of conical shapes that 
converge from the inlet, down to a minimum area commonly referred to as the throat, and then 
following the throat, diverges as it reaches the end of its length. The importance of the C-D nozzle is 
its ability to increase fluid flow. The diverging section of the nozzle creates a suction effect due to the 
pressure drop in that section and increases the velocity of the fluid passing through it as a result. In 
further investigating this concept, we will incorporate it by placing a wind turbine at the throat of the 
C-D nozzle. The nozzle is expected to create an increase in wind speed and this increased wind speed 
would then increase the rotation of the turbine blades. This would result in a more efficient turbine that 
could be used in areas with normally low wind speeds. 
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Figure 11: Converging-Diverging Nozzle [13] 
2.8 Materials 
 The usage of 3D printing has grown rapidly since its introduction in the early 1980’s. Our team 
will be using this increasingly common technology in order to 3D print our wind turbine in order to 
provide a proof of concept. Thus, we will build our initial design out of ABS plastic in order to test 
and propose improvements. In terms of accessibility, the opportunity to 3D print the turbine will allow 
anyone with access to a 3D printer the ability to create and assemble their own wind turbine. Although 
3D printers may not be considered incredibly accessible at the moment, they have been greatly 
developed over the last few decades and we can reasonably assume that 3D printing will become much 
more accessible in years to come.  
With the help of the Granta software CES EduPack we were able to create a graph to show a 
comparison of our chosen material to others of similar weight and price. This Density Vs. Price graph 
is shown in Figure 12. 
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Figure 12: Material Selection (Density Vs. Price Graph) 
2.9 Generator / Alternator 
A generator is a device that converts mechanical energy into electrical energy and generates 
direct current. An alternator has the same functionality of a generator, except that it generates 
alternating current as opposed to direct current. Most wind turbines today use permanent-magnet 
alternators. Permanent-magnet alternators are types of alternators which contain permanent magnets 
that compose the excitation field, as opposed to coils comprising the excitation field. 
The process of choosing a specific model of generator became very tasking due to various 
requirements that needed to be met in order to fulfill our wind turbine’s specifications. Perhaps the 
most important factor to be considered was the size of the turbine. A turbine’s efficiency decreases as 
its size decreases, so it was important to ensure that our wind turbine was not too small so that it would 
be capable of generating a reasonable amount of power. Due to these size restrictions, it was necessary 
to obtain a generator that fit behind the hub and rotor. Various models of generators and alternators 
were considered and examined including: WindBlue Power’s DC-540 Low Wind Permanent Magnet 
Alternator, Windstream’s 443540 Low RPM Permanent Magnet DC Generator, and an Ametek 
40VDC Permanent Magnet Motor. When searching for generators for wind turbines, it is important to 
obtain a model with the highest voltage and lowest revolutions per minute (RPM) as possible. The 
WindBlue alternator was perhaps the best option in terms of the ration of high volts to low RPM 
however it was far too large to fit behind the hub and rotor and would obstruct the wind flow leaving 
the converging-diverging nozzle. Windstream’s 443540 Low RPM Permanent Magnet DC Generator 
was a model used by a previous project who designed a Vertical Axis Wind Turbine. This did not fit 
our specifications because it was also too large in size in comparison to the wind turbine and 
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converging-diverging nozzle. After a great deal of research, we chose to use the Ametek 40VDC 
Permanent Magnet Motor which produces 40 volts at 1050 RPM. An image of the generator is shown 
in Figure 7. An equation to calculate how many rotations it takes to generate 1 volt can be seen below 
𝑅𝑃𝑀
𝑉
 =  𝑛 𝑟𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 1 𝑣𝑜𝑙𝑡 
This indicates that it would take the Ametek 40VDC Permanent Magnet Motor 26.25 revolutions of 
the blades to generate 1 volt. Although the RPM is higher than we would like, it was one of the few 
generators that we could obtain that fit perfectly behind the hub and rotor, and would cause no 
obstruction of wind flow.  
 
 
Figure 13: Ametek 40VDC Permanent Magnet Motor [14] 
2.10 Past Projects 
As the importance of converting our energy dependence to green technologies continues to 
grow, so does the importance of increasing the efficiency of all forms of alternative energy. As our 
own research indicated, Vertical Axis Wind Turbines (VAWTs) tend to be slightly less efficient than 
Horizontal Axis Wind Turbines (HAWTs) [9]. Our group reviewed the material presented in a MQP 
report submitted last year in which the purpose of the project was to determine ways to improve the 
efficiencies of VAWTs. They decided to approach this challenge by analyzing different angles of pitch 
for their airfoils. They also looked into incorporating articulating blades similar to those in Figure 8. 
The purpose of the articulating blades was to create thrust and produce angular velocity. 
Unfortunately, due to complications with wind variance during data collection, the team last year was 
unable to compare their results to a fixed VAWT system rather than an articulating one. However, 
they were able to determine an overall efficiency for the articulating design and concluded it was 
approximately 8-10% efficient which is significantly lower than the ideal efficiency of HAWT at 
59.3% [15] 
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Figure 14: Drawing of a VAWT from US patent [16] 
2.11 Wind Speeds 
 In order to design the wind turbine’s nozzle, conduct flow analyses, and test the final product, 
it was necessary to obtain data regarding wind speeds in Worcester. Additionally, access to rooftops is 
imperative to our particular project because our wind turbine is being designed as a product that can be 
placed on top of a home or building’s rooftop. Although we would have liked to record our own wind 
speeds throughout the course of the project, we were unable to gain access to WPI’s rooftops and due 
to this restriction, we were unable to record our own data of Worcester rooftop wind speeds. Despite 
this fact, we found a previous IQP (Campus Rooftop Wind Energy Feasibility Study) which recorded 
wind speed data on rooftops of several WPI buildings. We will be using their wind speed data for our 
project. A graph of the results of their wind speed data can be seen in Figure 9 below.  
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Figure 15: Monthly Average Wind Speed Comparison [17] 
Our team also used an anemometer to perform our own wind speed tests. From these values we 
were able to calculate an average mass flow rate to run our simulations. Mass flow rate is given by the 
following formula:  
𝑚 = 𝜌𝐴𝑉 
where ρ is the density of air, A is the area through which the air enters the converging nozzle, and V is 
the velocity of air. Worcester is 480 feet above sea level which is approximately 146 meters. At that 
level, the density of air is around 1.2kg/m3. Through our own wind speed tests, we found the velocity 
in the walkway between Higgins Labs and Alumni Gym to be approximately 3.77m/s. Therefore, our 
team performed flow simulations in order to see how changing the diameter of the C-D nozzle would 
affect the wind speed within.  
2.12 Noise/Vibration Production  
Students at Rochester Polytechnic Institute created a project similar to ours with the hope of designing 
a small wind turbine for residential usage. According to their research, wind speeds higher than 100 
m/s at the blade tips usually produce undesirable noise levels. We also discovered through their report 
that there are noise restrictions on residential wind turbines. As our wind turbine is small and is not 
likely to produce that magnitude of wind speeds, our wind turbine should remain well below 
undesirable noise levels [18]. Also, although wind speeds increase as blade length increases as 
discussed in section 2.3, noise levels also increase with an increase in blade length [10].  
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3. Methodology 
3.1 Designing in SolidWorks 
 When brainstorming our ideas for the creation of the small scale wind turbine we decided to 
use SolidWorks as our main designing software. SolidWorks is capable of doing basic flow 
simulations on a piece once it is created. For the purpose of our design, this would suffice and give us 
the results we would need to prove our concept. The first piece to be created in SolidWorks was the 
blade. The blades were shaped by using an airfoil selected for its efficiency on small wind turbines 
(See Section 2.2). Next, we designed the hub based on the generic shape found on various wind 
turbines. This shape, a dome-like configuration was designed to allow the wind to smoothly slide past 
it. Third, the rotor piece was designed in a way that it would connect to the hub. We used the video 
instruction of Christos Saka to guide the creation of the pattern which was designed to hold the blades 
to the rotor [19]. The converging diverging nozzle was created by setting 3 different sized circles a 
specific distance from each other and then lofting throughout the three circular shapes. The circle in 
the middle would be considered the throat of the nozzle. Initial flow simulations were required to help 
maximize our design to allow for a higher flow speed. We tested various configurations where we 
would change the dimensions of the inlet and outlet circles as well as the lengths of the inlet and outlet 
to the center.  
3.2 Blades 
The blade was first conceived by the selection of an airfoil. The airfoil shape was selected after 
we researched and found that an S835 airfoil would be an ideal choice for a horizontal wing axis 
turbine. Our team then proceeded to create smaller versions of this airfoil to insert into our drawing to 
provide a series of smaller incremental airfoil sets that would eventually be lofted to create the blade. 
Once the blade started to take shape we added an extra spline that would help achieve a wingtip. 
Lastly a bending feature was used to give the most optimized angle of pitch when air hits the blade. 
The total length of the blade is eight inches excluding the piece that connects to the rotor. This angle 
of attack of was also found through our research on horizontal axis wind turbines (See section 2.4). 
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                                 Figure 16: Top View of Blade                           Figure 17: Alternate View of Blade 
3.3 Hub 
The purpose of our hub is to direct airflow to the blades. If our hub was not present, airflow 
would hit the flat face of the rotor piece and would result in disturbance or turbulent flow. Considering 
this, we built the hub with a dome-like geometry in order to allow air to flow past the body of the wind 
turbine more smoothly.  
 
                    
               Figure 18: Alternate View of Hub                                                    Figure 19: Side View of Hub              
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3.4 Rotor  
The rotor is the component of the turbine that connects the hub and blades, as well as the 
generator. The pins at the back of the rotor (as seen clearly from Figure 22 and Figure 23), fit inside of 
the holes at the back of the hub. The three blades fit inside of the patterned cut of the rotor. Finally, the 
generator’s shaft fits in the center hole at the front of the rotor. The design of the rotor was a slightly 
varied design of a rotor design that we found on an instructional video by Christos Saka [19]. The 
video was used a guide to assist us in creating our original rotor piece. 
 In terms of the function of the generator as a part of a wind turbine, it is the essential piece that 
translates the blades’ rotations into power. As the attached blades rotate from the force of the wind 
hitting them, they rotate the rotor, which ultimately rotate the attached generator’s shaft. The rotation 
of the generator’s shaft result in the generation of power.  
 
                        
               Figure 20: Rotor Piece Isometric View                           Figure 21: Rotor Piece Front View 
   
                                                
                     Figure 22: Rotor Piece Left View                        Figure 23: Rotor Piece Alternate View 
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3.5 Designing of the Converging-Diverging Nozzle 
 The purpose of the C-D nozzle is to increase the wind flow as well as to direct the air towards 
the turbine. With this in mind, our group reviewed the work performed by a student at the City College 
of New York. The student, Jose Cortes, performed four experiments in which he altered the diameters 
and lengths of the inlet and outlet nozzles. For his first experiment he tested his wind turbine without a 
C-D nozzle surrounding it. For his second experiment he tested a C-D nozzle with equal inlet and 
outlet diameters and lengths. For his third and fourth experiment, Cortes increased the outlet length 
and diameter slightly and then continued increasing incrementally. After determining the power 
generated, Cortes concluded that the best results came from the fourth experiment where the outlet 
diameter and length was significantly greater than that of the inlet diameter. Compared to the 2.85% of 
available power captured when no C-D nozzle was implemented, the assembly with the most increased 
outlet length and diameter yielded the best results capturing 76.8% of available power [20]. Figure 7 is 
a drawing of Cortes’ most efficient design. Our group used these results to modify our C-D nozzle. 
 
 
Figure 24: Increased inlet diameter and length [20] 
Originally, our group began with a C-D nozzle that had equal inlet and outlet diameters as well 
as equal distances from the center. As will be discussed in Section 3.3, our group then modified our 
design to have a larger outlet diameter and length. We used SolidWorks to model our design. We 
began by designing three circles of different diameters on three separate planes. Next, we used the loft 
feature to loft the three circles together giving us the final product shown in Figures 25 and 26.  
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       Figure 25: Isometric View of C-D Nozzle                                               Figure 26: Side View of C-D Nozzle
   
3.6 Flow Simulation 
Several flow simulations were conducted in order to choose the most optimal design for our 
converging-diverging nozzle. We hoped to achieve a maximum wind speed within the C-D nozzle 
using the least amount of material and thus a smaller cost. Jose Cortes of the City College of New 
York analyzed a diffuser augmented wind turbine and found that more power was generated as the 
diameter and length of the nozzle sections in which the wind exits the nozzle, or what we define as the 
diverging section. Based on these findings, we conducted our own flow analyses in SolidWorks in 
order to confirm Jose Cortes’ findings, as well as to decide on the optimal dimensions of our nozzle 
based on our size restrictions.  
 In order to perform our own flow simulations, we used the FloXpress function in SolidWorks 
to analyze the effects of decreasing and increasing both the inlet and outlet diameters and distances 
from the center. The FloXpress function is a program that allows users to predict basic fluid directions 
and magnitudes. It allows you to select an inlet and an outlet direction for the flow, the density or mass 
flow rate of the, and the type of fluid that is being analyzed. [21] 
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The first converging-diverging nozzle flow simulation was of a nozzle with equal inlet and 
outlet diameters, and equal converging and diverging section lengths. The dimensions of the nozzle for 
the first flow simulation are outlined in Table 1. 
 
Table 1: First Flow Simulation C-D Nozzle Dimensions 
Inlet 
Diameter 
(inches) 
Outlet Diameter 
(inches) 
Throat 
Diameter 
(inches) 
Converging Section 
Length (inches) 
Diverging 
Section Length 
(inches) 
Mass Flow 
Rate (kg/s) 
25 25 21 19.5 19.5 0.87 
 
 
Figure 27: Flow Simulation of C-D Nozzle with Equal Diameters and Lengths (with Pipes) 
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The second converging-diverging nozzle flow simulation was of a nozzle with slightly 
increased outlet (diverging section) diameter and diverging section lengths. The dimensions of the 
nozzle for the second flow simulation are outlined in Table 2. 
 
Table 2: Second Flow Simulation C-D Nozzle Dimensions 
Inlet 
Diameter 
(inches) 
Outlet Diameter 
(inches) 
Throat 
Diameter 
(inches) 
Converging Section 
Length (inches) 
Diverging 
Section Length 
(inches) 
Mass Flow 
Rate (kg/s) 
25 35 21 19 20 1.71 
 
 
 
Figure 28: Flow Simulation of C-D Nozzle with Slightly Increased Outlet Diameter and Diverging Section 
Length (with Pipes) 
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The third converging-diverging nozzle flow simulation was of a nozzle with a largely increased 
outlet (diverging section) diameter and diverging section lengths. The dimensions of the nozzle for the 
third simulation are outlined in Table 3. 
 
Table 3: Third Flow Simulation C-D Nozzle Dimensions 
Inlet 
Diameter 
(inches) 
Outlet Diameter 
(inches) 
Throat 
Diameter 
(inches) 
Converging Section 
Length (inches) 
Diverging 
Section Length 
(inches) 
Mass Flow 
Rate (kg/s) 
25 45 18 14 24 2.83 
 
 
 
Figure 29: Flow Simulation of C-D Nozzle with Largely Increased Outlet Diameter and Diverging Section 
Length (with Pipes) 
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With the results of these simulations and after accommodating for our size restrictions, we 
decided on the following dimensions for our Converging-Diverging Nozzle: 
 
Table 4: C-D Nozzle Dimensions after Flow Simulation Results 
Inlet 
Diameter 
(inches) 
Outlet Diameter 
(inches) 
Throat 
Diameter 
(inches) 
Converging Section 
Length (inches) 
Diverging 
Section Length 
(inches) 
Mass Flow 
Rate (kg/s) 
37.5 25 21 14 24 1.97 
 
 The SolidWorks flow analysis for the converging-diverging nozzle with the above dimensions 
can be seen in Figure 30. 
 
 
Figure 30: Flow Simulation of Converging-Diverging Nozzle (with Pipes) 
 Furthermore, in an effort to reduce costs, we conducted flow analyses to see how reducing the 
nozzle’s size would affect the wind flow within the nozzle. If we would be able to reduce the size 
without a significant decrease in wind velocity, then we could reduce the cost of the nozzle. 
 The first size reduction test of the converging-diverging nozzle was one in which we decreased 
the inlet and outlet diameters. The dimensions of the nozzle for the first reduction flow simulation 
were as follows are detailed in Table 5 below.  
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Table 5: First Reduction Flow Simulation C-D Nozzle Dimensions 
Inlet 
Diameter 
(inches) 
Outlet Diameter 
(inches) 
Throat 
Diameter 
(inches) 
Converging Section 
Length (inches) 
Diverging 
Section Length 
(inches) 
Mass Flow 
Rate (kg/s) 
23.5 30 21 14 24 1.26 
 
 
 
Figure 31: Flow Simulation of Converging-Diverging Nozzle with Reduced Inlet and Outlet Diameters (with 
Pipes) 
 The second reduction test of the converging-diverging nozzle was one in which we reduced the 
length of the converging section. The dimensions of the nozzle for the second reduction flow 
simulation are detailed in Table 6. 
 
Table 6: Second Reduction Flow Simulation C-D Nozzle Dimensions 
Inlet 
Diameter 
(inches) 
Outlet Diameter 
(inches) 
Throat 
Diameter 
(inches) 
Converging Section 
Length (inches) 
Diverging 
Section Length 
(inches) 
Mass Flow 
Rate (kg/s) 
23.5 30 21 14 20 1.26 
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Figure 32: Flow Simulation of Converging-Diverging Nozzle with Reduced Converging Section Length (with 
Pipes) 
 For the third reduction test of the converging-diverging nozzle, we reduced the length of 
diverging section. The dimensions of the nozzle for the third reduction flow simulation were as 
follows: 
 
Table 7: Third Reduction Flow Simulation C-D Nozzle Dimensions 
Inlet 
Diameter 
(inches) 
Outlet Diameter 
(inches) 
Throat 
Diameter 
(inches) 
Converging Section 
Length (inches) 
Diverging 
Section Length 
(inches) 
Mass Flow 
Rate (kg/s) 
23.5 30 21 10 20 1.26 
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Figure 33: Flow Simulation of C-D Nozzle with Reduced Converging & Diverging Section Lengths (with Pipes) 
 
 Our team then went on to select a design for our C-D nozzle based on these flow simulations. 
Although some simulations showed better results than others, the nozzle was much bigger and thus 
would cost more to produce and may possibly deter some from purchasing the nozzle. Our team 
decided that the final simulation yielded good results for a much shorter nozzle.  
3.7 Assembly of the 3D Printed Parts 
After designing the individual parts of the wind turbine and C-D Nozzle, we assembled them in 
SolidWorks to get the final wind turbine assembly shown in Figures 34 and 35. 
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Figure 34: Front View of Assembled Wind Turbine in SolidWorks  
  
Figure 35: Side View of Assembled Wind Turbine in SolidWorks 
After successfully assembling the wind turbine on SolidWorks, our team then submitted the 
individual part files as .STL files to be 3D printed. We requested high density printing for the rotor 
and the blades and low density printing for the hub. We had believed that having a high density for the 
blades and rotor would be best in order to best prevent against fracturing. Figure 36 is from the WPI 
Rapid Prototype Guidelines. From left to right, the print densities shown are solid, high, and low.  
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                                 Figure 36: The Various Print Densities Available from the ME Dept. 3D Printer 
  Figure 37 shows the final product of the 3D printed parts (see Appendix A for more pictures 
of our 3D printed parts). Figures 38 and 39 show the assembled wind turbine. Figure 40 shows the 
assembled wind turbine attached to the generator. In order to get the pieces to fit in the assembly, we 
first had to sand them. This is because our team purposely left no tolerance between the dimensions of 
the printed parts. This was done so that the parts would fit snug against one another with some light 
sanding rather than risk the parts fitting too loose against each other.  
 
 
Figure 37: Photo Taken of our 3D Printed Parts Before Assembly 
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  Figure 38: Front View of Assembled Turbine               Figure 39: Back View of Assembled Turbine 
 
 
Figure 40: Assembled Wind Turbine Attached to the Generator  
3.8 Wind Vane 
Shortly after assembling our wind turbine and our C-D nozzle in SolidWorks, we began work 
on designing a wind vane pictured in Figure 22. The purpose of the wind vane is to use the direction of 
the wind to re-orient the C-D nozzle so that the wind hits the wind turbine straight on. When designing 
our wind vane, our team originally included two horizontally oriented ¼-20 tapped holes on one side 
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of each vane. These holes were designed to be used for the nuts and bolts that would connect the wind 
vane to the PVC piping that ultimately attached to the C-D nozzle as will be discussed in Section 3.11. 
The horizontal length of the vane is approximately 9.5 inches and the vertical length is approximately 
8.5 inches. The vane was designed to be 0.26 inches thick and have two threaded holes that are 0.5 
inches from each other and the closest hole to the edge would be 0.5 inches away from that edge. 
  
Figure 41: Side View of Wind Vane 
 
Although our team originally expected to 3D print the wind vanes, we ultimately decided to 
use a laser cutter instead. Since we were no longer 3D printing the wind vanes, we removed the 
threaded holes and instead left them as two holes with a diameter of 0.25 inches. Also, as we were no 
longer 3D printing which would have allowed us to determine the vane’s thickness, we now had to 
rely on predetermined thicknesses of the acrylic sheets sold at The Home Depot. The wind vanes were 
constructed out of a sheet of acrylic 0.1015 inches thick which was laser cut using the Versalaser 
VLS-4.60 Laser Cutter that is located in Washburn Shops. There are two wind vanes, one for each side 
of the C-D nozzle which combined direct the nozzle to face the direction of wind flow and is shown in 
Figure d.  
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Figure 42: Acrylic Wind Vane 
Overall, the wind vane extends 1.8 inches into the PVC piping through a slit 0.25 inches thick 
made to fit the thickness of the vane as seen in Figures 43 and 44. The slit and the holes were 
produced using a drill press. 
 
 
Figure 43: Slit in PVC Piping for Wind Vane 
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Figure 44: Wind Vanes in PVC Shafts Before Bolting 
 
 Next, in order to hold the acrylic wind vanes to the PVC shafts, we used the    tool to make two 
holes along the length encompassing the vanes and bolted the two components together. This is shown 
in Figure 45.  
 
 
Figure 45: Wind Vanes in PVC Shafts After Bolting 
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3.9 Tower 
 The tower of our wind turbine stands on a platform which we constructed out of plywood and 
that has four wheels underneath for maneuverability purposes as shown in Figure 46. The plywood 
platform has dimensions of 24.5 inches by 34 inches.  
 
 
Figure 46: Tower 
The tower is made out of PVC piping that is supported at the base by a PVC type flange bolted 
to the center of the platform. Extruding from the flange is a PVC pipe with a three-inch diameter. That 
pipe is then connected to a PVC reducing coupling which then converts to a two-inch diameter PVC 
pipe. Next, our team took apart a four-inch solid polyurethane swivel wheel in order to utilize its ball 
bearings. Essentially, our team removed the wheel and used that space to place the other end of the 
two-inch pipe as seen in Figures 47 and 48. We used a table sanding machine in order to shave away a 
little bit of the PVC piping so that it could fit into the area beneath the ball bearing.  
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Figure 47: Top Portion of our Tower (Side View) 
 
Figure 48: Top Portion of our Tower (Top View) 
 Next, we made two holes on either side of the swivel caster and two smaller holes in the PVC 
piping held within as shown in Figure 49.  Then, using four sheet metal screws, we fastened the PVC 
piping to the swivel caster.  
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Figure 49: Ball Bearing Swivel Caster 
3.10 Initial Testing 
 After assembling our 3D printed turbine parts, our team decided to test it prior to putting it 
within the C-D nozzle. We initially tested the wind turbine outdoors when wind speeds were at an 
average of 3.5 m/s, but speeds were not great enough to rotate our turbine. We then tested the 
assembly by using two high-speed fans producing air at maximum power in order to determine if our 
turbine simply needed stronger wind speeds to rotate. Unfortunately, even with wind speeds reading 
an average of 13.5 m/s, and giving the turbine an initial push, our turbine still did not rotate. A 
summary of these results can be seen in Table 8 below.  
 
Table 8: Tests on Initial Bare Wind Turbine Design 
Test  Location Wind Speeds Results 
1 
In between Higgins Labs and 
the Alumni Gym 
3.5 m/s Turbine did not rotate 
2 
Indoors (wind produced with 
two high speed fans) 
13.5 m/s Turbine did not rotate 
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From these results, we were forced to quickly decide whether we wanted to proceed with our 
initial wind turbine design which was not rotating with wind speeds up to 13.5 m/s or revisit our initial 
design and make major modifications. After speaking with Professor Olinger, who teaches the 
aerodynamic courses on campus, we decided that our pieces had to be much lighter and the blades 
needed a much higher angle of pitch if our turbine was going to be able to rotate. Additionally, the 
Ametek 40VDC motor that we were using was much too big and required a high force to rotate its 
shaft. For this reason, we felt it was necessary to make major modifications to our wind turbine design 
in order to create a working turbine. Due to time constraints and because at this time our converging-
diverging nozzle was not yet completely assembled, we did not conduct a test of our initial wind 
turbine design within the C-D nozzle, and quickly proceeded to re-designing our wind turbine.  
3.11 Modifications 
As a result of the failed design and combined with the feedback we got from numerous 
professors, our team began by first revisiting the turbine’s 3D printed components. We decided that in 
order to make the pieces lighter, we would not only have to request a low density printing option, but 
we would also need to hollow out as much of the components as possible. In addition to hollowing out 
all our pieces, we also greatly increased the angle of pitch in our blade as well as increased the blade’s 
surface area in order for the wind to have more area to hit the blades and cause rotation. Lastly, we 
talked to William Appleyard in the Electrical and Computer Engineering Department and he provided 
us with a smaller motor.  
 This smaller motor featured in Figure 50 was more ideal for our project because it took less 
force to rotate the motor’s shaft as compared to our original alternator. However, it contained a small 
gear attached to a much too small shaft as seen in Figure 51.  
 
 
Figure 50: Smaller Generator Motor 
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Figure 51: Very Small Shaft of New Generator Motor 
 
 In order to get our generator to become compatible with our printed parts, we had to design 
shaft extension that would encase the gear and connect to the rotor. The SolidWorks model for this 
extension is seen in Figure 52.  
 
Figure 52: SolidWorks Model of Shaft Extension 
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 We then printed two of the shown SolidWorks part. Figure 53 shows both final 3D printed 
shaft extensions prior to assembly. 
 
 
Figure 53: Shaft Extension 
 We then encased the gear of the generator by gluing the two halves of the extension together 
with superglue as seen in Figure 54. 
 
 
Figure 54: Shaft Extension Attached to Generator 
 Our team adopted two main strategies for making our turbine lighter. One method was to 
request that our parts be 3D printed in low density settings. The second was to revisit our turbine 
components and design them to be hollow. In the case of the hub, we redesigned it so it would be 
hollow minus the 0.2 inches of material in the interior.  The rotor was redesigned to also be hollow in 
the center as shown in Figure 55. It also was redesigned to account for the new shape and size of the 
shaft extension which replaced the shaft of our old generator.  
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Figure 55: SolidWorks Model of Redesigned Rotor Piece 
Lastly, when redesigning the blades, not only did we make them hollow, but we also added a 
much larger angle of pitch and larger surface area as seen in Figure 56. The purpose of the larger pitch 
angle was to help the wind push the blade in a way that would induce rotation. The purpose of the 
increased surface area is to give the wind a larger surface to hit the blade and cause rotation.  
 
 
Figure 56: SolidWorks Model of Redesigned Blade 
The blades were designed to be hollow yet contain thin support beams similar to the interior 
structure of an airplane’s wing. Figure W shows the interior of a typical aircraft wing. Wing spars on 
an aircraft are responsible for transferring loads from the surface to the body of the aircraft. For our 
blade, we included spars in the design to support the load of the wind hitting the surface as well as to 
provide stability to the hollow interior.   
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            Figure 57: Re-Designed 3D Print Parts Before Assembly                     Figure 58: Hollowed Out Blade 
        
       
 
Figure 59: Spars Which Structurally Support the Interior of an Aircraft Wing [22] 
 
 The last piece that we redesigned to be hollow was the hub. When redesigning the hub, we left 
a thickness of 0.2 inches all around and the remainder was hollowed out as seen in Figure 60.  
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Figure 60: SolidWorks Model of Hollow Hub 
                      
                                                       Figure 61: Front & Back View of Assembled Turbine 
       
 
Figure 62: Comparison of Initial (White) & Improved Final Turbine Design (Red) 
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3.12 Final Assemblies 
When constructing our C-D nozzle, various manufacturing and material options were discussed 
and reviewed. We first thought of constructing the nozzle out of metal. After reaching out to various 
companies that worked with metals, we discovered that producing the shape we needed for our nozzle 
would be very difficult to produce using metals. The next option we considered was to produce the 
nozzle out of wood. After consulting with a company that does woodwork, they said they would be 
able to produce it but the cost would be approximately $1,500 which not only was outside our budget 
but would not be worth the initial investment. Lastly, after consulting with Russ Lang, a lab manager 
in the Civil and Environmental Engineering Department, we discovered that a place called Polycell. 
Polycell specializes in the use and shaping of foam molds. Polycell agreed to construct a foam mold 
for us of which we would then cover with fiberglass and epoxy and then remove the mold. In order for 
Polycell to be able to produce the foam mold, we first had to slice our SolidWorks model into sections 
four inches thick except for two sections which was each one inch thick.  
 Figure 63 shows the foam slices stacked on top of one another as we received it from Polycell. 
As can be seen from the figure below, the surface of the mold is jagged. In order to ensure that the 
fiberglass and epoxy layers did not have a jagged foundation, our team sanded the entire mold to a 
smooth layer of foam.  
 
Figure 63: Slices of Foam Mold Set Atop One Another 
 Next we used 3M 77 which is a multipurpose adhesive to stick each foam slice to one another. 
Figure 64 shows the adhesive being sprayed onto a slice of our foam. 
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Figure 64: Adhesive is Sprayed onto Foam Slices 
 Our team then used MINWAX urethane spar to coat the exterior surface of the C-D nozzle. 
The purpose of the MINWAX urethane layer was to create a smooth coating to the rough surface of 
the foam. Figure 65 shows the two sections of our foam mold with a layer of urethane.  
 
 
Figure 65: Both Sections of the C-D Nozzle Foam Mold Covered in MINWAX Urethane 
 
 After the MINWAX urethane layer had dried, we applied a layer of Johnson Paste Wax with 
the expectation that it would make removing the foam layer easier. We then had to apply a layer of 
fiberglass cloth and epoxy. Figures 66 and 67 show the converging and diverging sections of the C-D 
Nozzle respectively with one layer of fiberglass cloth and epoxy. 
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Figure 66: First Layer of Fiberglass Cloth and Epoxy - Converging Section 
 
 
Figure 67: First Layer of Fiberglass Cloth and Epoxy - Diverging Section 
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 We then repeated the application of the fiberglass and epoxy to form a second layer as shown 
in Figures 68 and 69. Here we started seeing the formation of bubbles within the layers which we 
noticed may be a source of inefficiency.  
 
 
Figure 68: Second Layer of Fiberglass on Converging Section 
 
Figure 69: Second Layer of Fiberglass on Diverging Section 
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  Finally, our team applied the third and final coat of epoxy and fiberglass seen in Figures 70 
and 71. Here, the bubbles within the layers became even more apparent. We also trimmed the excess 
fiberglass on the top and bottom of the pieces. We used the foam mold as a guide of how much to trim.  
 
 
Figure 70: Third Layer of Fiberglass on Converging Section 
 
Figure 71: Third Layer of Fiberglass on Diverging Section 
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 After the last layer of epoxy and fiberglass had dried, our team began the removal of the foam 
as seen in Figure 72. 
 
 
Figure 72: Removal of Foam from the Converging Section 
 Once all the foam was removed from both sections of the nozzle, we were left with lightweight 
and relatively sturdy fiberglass and epoxy sections seen in Figures 73 and 74. Figure 75 shows what 
the converging and diverging sections looked like when stacked and after the foam removal. 
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Figure 73: Converging Nozzle Section After Foam Removal 
 
 
 
Figure 74: Diverging Nozzle Section After Foam Removal 
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Figure 75: Converging and Diverging Nozzle Sections After Foam Removal 
 
 In order to connect the two sections of the C-D nozzle as well as to provide structural support, 
we used a piece of metal and rolled it using a rolling machine seen in Figure 76. We continued to run 
it through the rolling machine until it formed a circle of approximately 21 inches shown in Figures 77 
and 78.  
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Figure 76: Using the Rolling Machine to Form our Rim 
 
 
Figure 77: Running our Metal a Second Time Through the Machine 
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Figure 78: Metal Piece After Rolling 
 
 After the rolling was complete, we held the circle closed by using metal screws. Directly across 
from the fastened ends of the circle, we attached our swivel caster ball bearing which would allow for 
rotation of the C-D nozzle. We also created a metal plate with holes that would hold the shaft piece 
and the holes for the metal screws. This is held in the center of the nozzle by three pieces of metal 
similar to spokes on a bicycle wheel.  
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Figure 79: Rim with Metal Spokes and Metal Central Plate 
 
We then turned to attaching the rim to both our tower and the converging and diverging 
sections of the nozzle as shown in Figures 80 and 81.  
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Figure 80: Diverging Nozzle Section Mounted 
 
 
Figure 81: Side View of Mounted Converging and Diverging Nozzle Sections 
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 Figure 82 shows the C-D nozzle assembled atop the tower and the platform. We used Oatey 
All-Purpose cement to secure the PVC pipes to each other.  
 
 
Figure 82: Assembled Converging-Diverging Nozzle and Tower 
We then attached both of our wind vanes to the rim we had constructed to help with stabilizing 
the wind flow through the nozzle. You can see the placement of the wind vane below in Figure 83. 
The wind vanes were made to rest at a 45° angle. This was achieved by using two metal angle brackets 
that were made to be at a 45° angle using a try-miter square and a vice. 
 
Figure 83: Wind Vane Attached to Converging-Diverging Nozzle 
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For the final mounting of our wind turbine we had to screw our generator along with its 
extension piece to the flat plate in the center of the Nozzle as shown in Figures 84 and 85. 
 
 
Figure 84: New Generator Mounted Inside of Converging-Diverging Nozzle 
 
Figure 85: Back View of New Generator Mounted Inside of C-D Nozzle 
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The last step in the assembly of our project was to attach the wind turbine onto the generator 
extension piece. Figure 86 shows what the turbine and nozzle look like after being attached. Although 
the pieces fit relatively snug against one another, we superglued the shaft piece to the wind turbine to 
ensure the wind turbine would not fall out. 
 
                           
                                                 Figure 86: Front & Back View of Turbine Inside of C-D Nozzle 
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4. Results and Conclusion 
We initially conducted indoor tests at various wind speeds using a high speed fan and with our 
new Johnson motor. For the bare re-designed wind turbine there was no converging diverging nozzle 
in the test. 
 The results of these tests can be seen in Table 9. The turbine did not rotate when tested in wind 
speeds ranging between 3.2 - 4.8 m/s, however we found that the turbine showed signs of slight 
movements in the blades at wind speeds of approximately 4.8 m/s, but no successful start in rotation of 
the turbine.  
 
Table 9: Indoor Test of Bare Re-Designed Wind Turbine 
Test  Wind Speeds Results 
1 3.2 m/s Turbine did not rotate 
2 4.3 m/s Turbine did not rotate 
3 4.8 m/s Slight movement in blades but turbine did not rotate 
 
We then conducted three indoor tests of our re-designed wind turbine within the converging-
diverging nozzle, using the same high speed fan and Johnson motor. The results of these tests can be 
seen in Table 10. We found that when given an initial nudge, the wind turbine was able to begin 
rotating at 4.3 m/s. At wind speeds of 4.8 m/s, the turbine was able to rotate with no initial nudge. 
Figure 87 shows our turbine being tested within the nozzle. 
 
Figure 87: Testing Assembled Turbine and Nozzle with High Speed Fan 
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Table 10: Indoor Test of Bare Re-Designed Wind Turbine Inside of Converging-Diverging Nozzle 
Test  Wind Speeds Results 
1 3.2 m/s Turbine did not rotate 
2 4.3 m/s Turbine was able to rotate with initial nudge 
3 4.8 m/s Turbine rotated 
 
 We then recorded the minimum wind speed required for the wind turbine to rotate within the 
C-D nozzle and found that a minimum wind speed of 4.7 m/s is required for the turbine to self-start 
within the C-D nozzle. See Table 11 for results. 
 
Table 11: Minimum Wind Speed Required and Maximum Wind Speed Tested (Re-Designed Turbine Inside of 
Converging-Diverging Nozzle) 
Test Type Wind Speeds Results 
Minimum Wind Speed Required to Rotate Turbine 
Inside of C-D Nozzle 
4.7 m/s Turbine rotated 
Maximum Wind Speed Tested 5.0  m/s 
Turbine rotated 
 
 
 The following day, our team returned to perform another series of tests on our wind turbine. 
Table 12 illustrates our results when testing the wind turbine without the converging-diverging nozzle. 
Again our team noticed that with wind speeds lower than the first test’s 4.8 m/s velocity, the wind 
turbine would not rotate without the aid of the converging-diverging nozzle.  
 
Table 12: Second Indoor Test of Bare Re-Designed Wind Turbine 
Wind Speed Volts Amps Results 
3.59 m/s 0 0 Turbine did not rotate 
3.94 m/s 0 0 Turbine did not rotate 
4.3 m/s 0 0 Turbine did not rotate 
 
We then tested our wind turbine within the C-D nozzle and Table 13 summarizes our findings. 
Unlike the previous day, our team also tested the velocity of the fan’s wind as it reached the inlet of 
the nozzle, at the throat, and at the outlet.  
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Table 13: Second Indoor Test of Re-Designed Wind Turbine in C-D Nozzle 
Inlet Speed Throat Speed Outlet Speed Volts Amps Results 
3 2.3 1.5 0 0 No rotation 
4.12 2.5 1.86 0 0 No rotation 
5 4.3 2 1.75 0.06 Rotation 
 
In conclusion, our team found that our turbine required high speed winds to be able to self-
start. These results, however, required us to run more tests on the turbine and we noticed that after the 
turbine began rotating, we were successfully able to turn down the speed of the fan to about 3 m/s and 
still have continuous rotation. Thus, we concluded that our turbine just needed that initial high wind 
speed to start and then will continue rotation on its own in lower wind speeds. We also noticed that our 
turbine rotated very fast in high wind speeds and moderately fast in medium and low wind speeds but 
still yielded a small output of power. We are confident that with a change in generator, our wind 
turbine would be able to produce more power than it currently does.  
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5. Recommendations for Future Work  
Although our team had created an initial design which had not worked and a re-designed 
design that had, there are still many improvements to our design that can be made. The first is to look 
into optimizing the wind vanes of our converging diverging section for they did not operate as 
intended. We believe this may have to do with the small surface area and the angle of orientation of 
the vanes. Because there was no research done on wind vanes located on the sides of a C-D nozzle, our 
team used a picture of a wind turbine as a guide for orienting the vanes (See Figure 88). We 
recommend either working to optimize this design or to consider a one wind vane system instead. 
 
 
                                                 Figure 88: Wind Turbine with Two Wind Vanes [23] 
The next would be to look into optimizing the design by investigating different material types 
and manufacturing processes. There are far more sustainable materials or cheaper materials that can be 
used rather than those used for this project. For example, our team chose to 3D print our wind turbine 
rather than use any other possible process because 3D printing was fast, it was accessible, and very 
little waste was generated unlike some processing techniques that require casts. However, with the 
advancement of 3D printing, it is now able to print using more materials than just ABS plastic. For 
example, bamboo filaments can be used to create a wind turbine made of bamboo. Bamboo is known 
to be strong, easily accessible, and sustainable. Although more expensive than ABS plastic, bamboo 
may have a longer life cycle or may cost less to dispose of at the end of its life which are factors that 
should be analyzed to further optimize the design. As mentioned, using manufacturing processes that 
include molds that are ultimately disposed of can add greatly to the end cost of a product. Thus, 
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determining a manufacturing process to design the C-D nozzle that is cheaper than the foam mold we 
use would greatly lower the cost of production and thus lower the initial investment that customers 
would need to put down. The GRANTA CES EduPack software can be used to aid in this 
optimization. Special consideration should be considered to choose a material that is not only 
lightweight and cheap but also has an acceptable fracture toughness, yield strength, fatigue, and many 
other mechanical properties. 
 Lastly, by doing research on a more efficient generator that can give increased power output to 
increase the efficiency of the wind turbine and give a more favorable return of investment to the user. 
When our first wind turbine design failed to rotate and we concluded that one of the reasons is due to 
the generator requiring a large force to rotate the shaft, our team was running low on time to design 
and produce a new design. Thus, when a small generator was given to us by the Electrical and 
Computer Engineering Department on campus, we accepted it without knowing the specifications on 
the generator. If further analysis were to be done on determining a more efficient generator, we are 
confident that our design would yield better output.  
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Appendix A: Miscellaneous Extra Photos 
 
 
Figure 89: Top View of 3D Printed Rotor Piece 
 
 
Figure 90: Side View of 3D Printed Rotor Piece 
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Figure 91: Bottom View of Rotor Piece 
 
 
Figure 92: Top View of One Blade 
 
 
Figure 93: Side View of One Blade 
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Figure 94: Bottom View of Hub Piece 
 
 
Figure 95: Side View of Hub Piece 
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Figure 96: Foam Mold for Converging Section of C-D Nozzle 
 
 
Figure 97: Smooth Diverging Section Foam 
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Figure 98: Foam Mold for Converging Section of C-D Nozzle 
 
 
Figure 99: Removal of Foam 
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Figure 100: Metal Rim of C-D Nozzle 
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Figure 101: Converging and Diverging Nozzle Sections Mounted 
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